Background: Scylla paramamosain is one of the most common and serious food
| INTRODUCTION
According to the Food and Agriculture Organization, shellfish is a major allergen and a leading cause of anaphylaxis. 1 Unlike allergies caused by egg and milk, allergy to shellfish is typically a lifelong disorder, which can significantly impair the quality of life. 2 Allergy to crabs (AC), a common form of allergy to shellfish, is a prominent form of food allergy in Asia. 3 Due to its nutritional value and delicious taste, crab muscle, which contains the salt-soluble myofibril and the water-soluble myosinogen, is the preferred part of the crab. Tropomyosin is a major allergen found in crab myofibril and is considered as a panallergen of many invertebrate species.
Until now, various IgE-binding B cells and putative T cell epitopes of tropomyosin have been described in detail. 4 In addition to tropomyosin, myosinogen is a potential initiator of food allergy. There is therefore an urgent need to develop safe and effective diagnostic tests for AC and to develop effective processing of crab-contained food.
Over the past decades, a variety of crab myosinogen allergens have been identified and their physicochemical properties have been
analysed. Mao et al. identified arginine kinase (AK) as an allergen of
Scylla paramamosain. 5 AK is highly abundant in invertebrate muscle and in shellfish species. 6, 7 In addition to AK, the heat-resistant sarcoplasmic calcium-binding protein (SCP), an EF-hand-type protein that is a novel allergen in crab myosinogen, has been found in various crustaceans, such as shrimp and crayfish. 2, [8] [9] [10] Triosephosphate isomerase (TIM) and filamin C (FLN c) are novel allergens of Procambarus clarkii that share common epitopes. 11 In our recent study, TIM
and FLN c were identified in crab myosinogen, showing positive reactivity with IgE from patients with AC.
Despite the accelerating increase in the rate of AC and of the research on relevant allergens, there is neither unified standardized test substances, nor an effective diagnostic test for AC. Basophil degranulation, induced by allergen cross-linking of IgE-bound to FcεRI receptors, has been used for decades to study allergic reactions. 12 Compared to common diagnostic methods such as skin tests or oral food challenge, 13 basophil activate test (BAT) is time-saving and protects patients from the risk of inducing a severe allergic reaction, especially when results of skin prick tests and specific IgE determination are inconclusive. 14, 15 Moreover, BAT is superior to other diagnostic tests in discriminating between allergy and tolerance, 16 indicating the application prospect in AC diagnosis.
AC is an IgE-mediated type I hypersensitivity reaction. 17 Crosslinking of IgE antibodies requires that IgE epitopes on an allergen activate effector cells (eg basophils). 18 In-depth analysis of IgE-allergen complex formation and activation of effector cells in AC have been hindered by the lack of information on IgE epitopes. Food allergens contain both conformational and linear epitopes. Linear epitopes are relevant for immunoreactivity in gastrointestinal food allergies. 19, 20 Peptide micro-arrays provide a tool for mapping linear IgE epitopes. 21 Conformational epitopes can be influenced by the microenvironment of a folded protein, so its identification requires more elaborated methods, and the most precise way to identify a conformational epitope is to determine the crystal structure of an antigen-antibody complex. 22 An alternative approach to analyse the allergic epitope is to screen a phage display library with allergen specific IgE antibodies to identify mimics of allergenic IgE epitopes, called mimotopes. This latter method can overcome the high cost and time-consuming nature of peptide micro-arrays, and also mitigate the limitations of crystal structure analysis, which is complicated and time-consuming. [21] [22] [23] In the present study, we screened 30 subjects with AC, confirming their anaphylaxis reactions by BAT. Moreover, IgE from AC was used as target protein. Phage display was used to make a comprehensive analysis of the IgE epitopes of crab myosinogen allergens.
| MATERIALS AND METHODS

| Epidemiological investigation
Undergraduate students in Xiamen (China) constituted our sample of patients of ages 17-24, from 2010 to 2017. Researchers visited the students to distribute a written questionnaire survey. Blood samples were collected during clinical work following a protocol approved by the local ethics committee (approval no. XSH2012-EAN019). All patients were given written informed consent. Blood from subjects with AC (Table 1) was collected, and sera from nonallergic patients (NA) were used as controls. Patients generally refused to have in vivo tests with foods to which they knew they were allergic. Crab specific IgE were determined by the ImmunoCAP System (Thermo Fisher Scientific, Sweden).
| Purification of crab myosinogen allergens and immunoblot analysis
The isolation and purification of allergens (AK, SCP, TIM, and FLN c) from crab myosinogen were performed as described previously. 5, 9, 11 Immunoblot analysis was performed as described elsewhere, 24 with the following modifications: the allergens were adjusted to 2 mg/mL before dot blotting onto nitrocellulose membranes (1 μL/dot).
| BAT
BAT was performed with heparinized whole blood stimulated by allergens for 30 minutes at 37°C as described by Mukai et al. 25 One hundred microlitres of whole blood was mixed with 100 μL of RPMI 
| Statistical analysis
Data are presented as mean ± SD. Repeated-measures one-way analysis of variance with Duncan tests was used to compare the quantitative outcomes of BAT. A P value of less than .05 was considered to be statistically significant.
More details are available in the Supporting Information.
| RESULTS
| Epidemiological investigation
A total of 17 324 students were recruited in the epidemiological investigation, of which 14 164 students (81.76% of the total 17 324 students) were willing to engage in our survey. Every participant was distributed a questionnaire during blood sampling, and our questionnaire was finally completed by 13 361 students (94.33% of the respondents), from which 3137 (23.48% of the respondents) selfreported food allergies, and 1471 (11.01% of the respondents) selfreported allergies to seafood. Figure 1A summarizes the prevalence of self-reported food allergy for eight types of food. Crab and shrimp had the highest prevalence, 3.87% and 3.73% of the total eligible respondents, respectively, and 16.48% and 15.88% of the self-reported food allergy subjects, respectively. Because of the high prevalence of AC, a serologic assay was performed focusing on IgE reactivity of AC, using the collected 14 164 sera. Sera from 611 subjects (4.31% of the tested sera) showed positive reactivity to crab muscle extract; 398 sera recognized the myosinogen extract (65.14% of the AC).
| IgE reactivity of the patients' sera to allergens isolated from crab myosinogen
For the 398 AC subjects recognized crab myosinogen, immunoblotting was performed using purified myosinogen allergens (AK, SCP, (n = 100), respectively.
Finally, a total of 32 subjects (10 male and 22 female) were voluntarily recruited for the further investigations (30 with AC and 2
NA, see Table 1 ). After categorization of patients with AC into subgroups according to the self-reported severity of their symptoms, four individuals fell into the category "mild allergic symptoms" (eg oral allergy syndrome), and 26 subjects fell into the category "suffer- Stimulation with AK induced a significantly higher CD63 expr (P = 0.023) and CD203c expr (P = 0.047) in basophils than stimulation with RPMI; ΔCD63 and ΔCD203c were slightly higher in AC than in the NA, with no significant difference. In subjects allergic to SCP, only CD63 expr basophils were significantly higher with SCP stimulation than with RPMI (P = 0.043). Though higher CD63 expr and CD203c expr basophils were detected in patients allergic to TIM after stimulated with TIM, the increasing value displayed no statistic difference; while compared to NA, ΔCD63 (P = 0.034) and ΔCD203c of basophils is shown in Figure S2 -S5.
F I G U R E 1 Demographic characteristics of the study population. A, Prevalence of food allergies in self-reported food allergy respondents; black columns represent the prevalence of eight food allergies in the total of total eligible respondents; grey columns represent the prevalence of eight food allergies in self-reported food allergy subjects; (B) Experimentally defined prevalence of allergy to allergens of crab myosinogen
| Identification and alignment of IgE mimotopes of myosinogen allergens
Thirty-six individual mimotopes were identified using IgE from the eight patients who were allergic to AK (Table S1 ). Sequence alignment revealed the presence of five repetitive peptides (Figure S6A) . Mimotope sequences were then aligned to the primary sequences of AK; nine of the mimotopes match a linear segment of more than three amino acids of the AK sequence ( Figure 4A ), and three out of the nine mimotopes were the repetitive peptides found ) (left panels); the specific IgE of patients (n = 8) were identified by dot blot of the purified AK using NA (n = 2) as negative control (right panels). B, Purified SCP was separated by SDS-PAGE and detected with rabbit anti-crab SCP pAb (1: 10 5 ) (left panels); the specific IgE of patients (n = 5) were identified by dot blot of the purified SCP using NA (n = 2) as negative control (right panels). C, Purified TIM was separated by SDS-PAGE and detected with rabbit anti-crab TIM pAb (1:50 000) (left panels); the specific IgE of patients (n = 7) were identified by dot blot of the purified TIM using NA (n = 2) as negative control (right panels). D, Purified FLN c was separated by SDS-PAGE and detected with rabbit anti-crab FLN c pAb (1:40 000) (left panels); the specific IgE of patients (n = 10) were identified by dot blot of the purified FLN c with using NA (n = 2) as negative controls (right panels) in the sequence alignment in Figure S6A Table S1 ).
In SCP, the mimotopes mapped to the surface patches of the modelled special structure (template PDB: 2SAS) around the key amino acids of T 38 , E 41 , N 47 /S 48 , N 53 , C 90, and P 100 , and mapped to the conformational structure in six areas, ( Figure 6 and Table S2 ). . 32 Three peptides were included in one epitope in region II, which was formed around the key amino acid I 295 /A 296 .
Two epitopes were found in region IV, around the key amino acids E 451 and I 573 /D 579 /S 582 . The last three epitopes in region V were located around key amino acids K 743 , K 750 , and G 808 . There was no conformational epitope in regions I and III ( Figure 8 and Table S4 ).
The frequency of amino acids that occur in epitopes of the allergens was summarized by ExPASy. As shown in Figure S7 , lysine, proline, glycine, alanine, threonine, and serine occurred most frequently (>3.9% of all epitope composed amino acids) in epitopes of all the four allergens. 
| DISCUSSION
In the present study, 23.48% respondents reported allergic history, and seafood allergy accounted for 11.01% of the respondents.
The ratio of self-reported food allergy was much higher than the data provided by the World Health Organization and in the confirmed food allergy in the present study. There are similar reports, in another study, self-reported food allergy was over six times higher than actual prevalence food allergy. Inaccuracy of selfreported food allergy is due to the cross-reactivity between inhalant allergies and food allergies, to an unclear concept of adverse food reactions and food allergies, and to the disappearance of allergic reactions with age. 33 Our present study showed that shellfish are common allergens, and AC has a high prevalence; these results are consistent with previous research on food allergies in Asia. 34 Crab is a common cause of IgE-mediated food allergy in our study. Binding of IgE antibodies to specific regions of allergens is a prerequisite for triggering type I allergic reactions. 34, 35 In the present study, more than one half of patients with AC recognized crab myosinogen.
Basophil activation with specific allergens is a useful diagnostic test for food allergens. 36 Procedures for isolation and purification of crab myosinogen allergens have been published. 5, 9, 11 Analysis of allergen-induced CD63 and CD203c by flow cytometry is a reliable tool for diagnosis capable of discriminating tolerance from sensitization, with high specificity and sensitivity. 16, 37 Our results indicated that Although earlier reports provided first hints on the potential allergenicity of crab myosinogen allergens, 8, 10 this study was the first comprehensive allergological investigation on crab myosinogen that used a panel of well-characterized patients. The sera from those patients who were confirmed to be allergic using BAT were used for epitope biopanning. Characterization of the IgE epitopes of allergens is of fundamental importance for understanding the mechanisms underlying allergic reactions to food. It is generally believed that most of the IgE epitopes are conformational, 38 while food allergens might first undergo the gastrointestinal tract, and the importance of linear epitopes has been suggested for inducing anaphylaxis as well.
Therefore, a phage peptide display library that displays 12-mer peptides, which is able to detect both linear and conformational epitopes, was screened for IgE mimotopes of the myosinogen allergens.
In AK-specific mimotopes, two peptides (NCSNSIPCAVKA and TLSLPGFTFVPT) were in the same linear epitope of S. paramamosain AK. 24, 38 The conformational epitope was proved to be the predominant epitope type in AK in our previously research. 5 Using specific IgE from eight patients allergic to AK, a total of 36 mimotopes with eight conformational epitopes were obtained. Epitopes 6 and 7 are the same as the IgG epitopes C-AK-3 and C-AK-4 reported by Yang et al. 24 It was reported that SCP from L. vannamei has three linear epitopes distributed in 10-36, 49-72, and 130-147 amino acid positions. However, the weak binding intensity of majority sequential epitopes of SCP to patients' sera suggested more predominance of conformational epitopes in SCP. 39 As for S. paramamosain SCP, none of the mimotopes aligned with its linear sequence, all of the epitopes identified in the present study were conformational. These epitopes were formed mainly around three key amino acids: E 41 , C 88 , and P 100 . IgE from patients' sera identified epitope 1 and epitope 2 of SCP; only one patient recognized epitope 4, implying differences in affinity for different epitopes. According to the amino acid composition of conformational epitopes, amino acid 33-44 in epitope region 1, amino acids 42-57 in region 2 and 3, and 64-68, 97-92, and 95-102 in region 6 were consistent with reported linear epitopes in SCP. 39 TIM and FLN c of P. clarkii share same epitopes, which might account for antibody and sera cross-reactivity. 11 Two conformational epitopes on the surface of TIM were identified in the present study; epitope 1 of TIM was identical to C-TIM-1 in crayfish. 11 In FLN BAT is an in vitro assay that mimics the type I hypersensitivity reaction. 41, 42 In the present study, for epitope mapping, patients with AC with positive results in BAT were regarded as sensitive to the allergen, and thus, their sera were collected. In this way, the mimotopes derived from biopanning mimicked the IgE epitopes that participate in an anaphylactic reaction. On the other hand, patients with AC that were negative for BAT might be tolerant to the allergens, which does not mean that the epitopes recognized by these subjects are not sensible. In fact, the use of IgE from subjects that are tolerant to crab might result in mimotopes that cross-link IgE, but do not activate effector cells.
In conclusion, IgE from patients with positive result in BAT could be used as target protein for biopanning of epitopes related to clinical anaphylaxis. This is a pilot study intended to determine certain epitopes that are related to clinical allergy to crabs. Validation of these findings in a blinded analysis of larger sample capacity, which possibly includes patients from different ethnicities, will be needed before the BAT can be used in clinical settings in AC.
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